INTRODUCTION
The human geneticist who wishes to estimate the genetic and environmental components of a quantitative trait has the choice of several sampling designs. Sets of monozygous and dizygous twins, parents and their offspring, and full siblings are often the most convenient samples but invariably yield estimators of genetic variance which are biased by shared environmental factors. More recently, fixed combinations of related and unrelated individuals have been proposed as sampling strategies to improve the separation of genetic and shared environmental correlations between relatives. These fixed designs take the form of family sets ; Chakraborty et al. 1977) or sets of monozygous twins, their spouses and offspring (Nance & Corey, 1976) . Unfortunately, human data cannot easily be collected according to a fixed design. A convenient sample usually consists of families which vary in the genetic relatedness of their members.
Most human studies have utilized regression coefficients and interclass correlations estimated from pairs of individuals or intraclass correlations from subsets of individuals selected from a random sample of families. These statistics are generally contrasted to estimate the fractions of phenotypic variance due to genetic and environmental factors. The strategies available for combining these estimators do not adequately account for the double counting of individuals and alleles which may occur. For example, the full sib correlations and the parent-offspring correlations are usually estimated from individuals drawn from the same array of nuclear families. Elston (1975) has shown that the correlations between these correlation estimates may not be trivial.
Despite the obvious implication, the precise effect of using correlated estimates on inferences about heritability estimates is not clear at this time. In order to minimize the inflation of type I1 error it is not uncommon to discard a large portion of the data. For example, in the Tecumseh Community Health Study, from the 6366 individuals typed for 12 blood markers, less than 100 genetically independent family sets, consisting of an index, a sib and a cousin could be constructed (Orr, personal communication) . If the assumption of independence of family sets was rigorously met, only 5 yo of the available data could be utilized and the effect of the nonindependent index-sib and index-cousin correlations would still be unresolved. More importantly, samples of pairs or sets of relatives are usually not randomly sampled and therefore may not represent the same phenotypic variability of a quantitative trait that is determined by t,he frequency distribution of genotypes and environments among and within pedigrees which define the population.
Alternatively, we may use the procedure of maximum likelihood estimation (MLE) to combine all of the information available in a sample of randomly selected pedigrees to obtain PATRICIA P. MOLL, RACHEL POWSNER AND C. P. SING estimates of the sources of phenotypic variability while accounting for the correlations between pairs of observations. A likelihood model which makes this strategy feasible has been proposed by Elston & Stewart (1971) and extended by Lange, Westlake & Spence (1976). It combines phenotypic, genealogical and environmental information to estimate both genetic and environmental components of variance from pedigrees.
We have analysed the pedigree data from Tecumseh, Michigan, to estimat,e genetic and environmental components -of the normal variability in non-fasting total serum cholesterol. The first objective of this study was to compare the maximum likelihood estimates of genetic, household environment, and special (random) environmental effects with estimates obtained from a least squares analysis of correlations between sibs, parent-offspring, spouses and cousins from the same population (Sing & Orr, 1978) . Our primary interest here was to determine whether different methods of analysis will lead to substantially different conclusions when applied to the same data set. Our second objective was to determine the effects of non-representative sampling of pedigree sizes on inferences about variance components when the MLE procedure is used.
METHODS

The model
A linear biological model which might be expected to correspond reasonably closely with reality is the following, in which the phenotypic variance (a:) for unrelated indixriduals may be written :
(1) where V: is the additive genetic variance, V: is the variance of deviations due to dominance, ate is the variance of environmental effects common to the household and uie is the variance of environmental effects special to the individual. The expected covariance between any two individuals i and j for the trait when this model is true is :
&, the kinship coefficient for individuals i a n d j , is the probability that an allele chosen at random from i is identical by descent with an allele a t the same locus chosen at random fromj.
Aij is Jacquard's (1974) A,, the probability that the two alleles of individual i are identical by descent to the two alleles of individual j at the same locus. Rij is 1.0 if i and j reside in the same household and 0.0 if they do not. I{, is set to 1.0 if i = j and 0-0 if i + j.
The genetic component of the multifactorial determination of normal cholesterol variability is parameterized according to Fisher's (1 918) polygenic model, which assumes Hardy-JVeinberg equilibrium, linkage equilibrium, no epistasis, and no genotype-environment interaction. We assume that all individuals residing in a household share the same common environment and no inbreeding has occurred.
The likelihood of the model given the pedigree data is obtained by assuming a multivariate normal distribution for the trait among the members of the pedigree. The justification for this assumption is given by Lange (1978). Under this assumption, the likelihood (A) expressed as the natural log of the multivariate normal function, can be represented as :
345 (Rao, 1973 Sing & Orr, 1976) and suggest that this marker locus may be one of several markers which are either directly involved in cholesterol determination or closeIy linked to loci which modify cholesterol metabolism. Estimates of the two secretor means and four variance components were taken to be those values which maximize L.
The likelihood was maximized using Fisher's scoring algorithm. If ~( t )
is the current vector of the four variance components and two secretor means, Fisher's scoring algorithm replaces y(t) by:
where the vector S contains the partial derivatives (scores) of L with respect to the parameters of the model. The information matrix ( I ) consists of the expectations of the negatives of the second partial derivatives of L, with respect to these same parameters. These derivatives were first expressed in terms of the parameters of the multifactorial model by Lange et al. (1976) . S and I are evaluated a t y(t) for each pedigree and then are summed over all pedigrees for each iteration. The iterative procedure was terminated when the absolute difference between y(t) and y(t + I) was less than 10-5 for each parameter. A large number of initial vectors were considered to ensure that the procedure converged to the true maximum of the likelihood.
The sample
Total non-fasting serum cholesterol values for 9182 individuals were first In transformed and then were adjusted for age, sex and socioeconomic status (Sing & Orr, 1977) . The age adjustment was a third order polynomial equation. These concomitant factors account for approximately 38% of the variance of In cholesterol among randomly sampled individuals from Tecumseh. A subsample of 3995 individuals on whom we had 12 blood markers and household information was used in this likelihood analysis. These individuals were distributed in 537 genetically independent pedigrees, ranging in size from 4 t o 83 individuals. The distribution of cholesterol values in this subsample was representative of the distribution in the larger sample of 6366 individuals used in the analysis of correlations reported by Sing & Orr (1978).
To study the effect of sampling strategy on the estimated variance components, we selected five subsets of pedigrees to represent different distributions of pedigree size. Subset I comprised all pedigrees ranging in size from I0 to 15; a total of 568 individuals were included. Subset 2 was composed of 584 individuals, distributed among the 13 pedigrees of sizes 31-83. Subset 3 was taken to be the union of subsets I and 2. Subset 4 (referred to as the probability sample) contained 528 individuals in 58 pedigrees, ranging in size from 4 to 83 individuals, and was sampled to approximate the distribution of pedigree sizes in the total popuIation. Subset 5 included the entire sample of 3995 individuals in the 637 pedigrees of size 4-83. We assume subset 5 represents the distribution of pedigree sizes in the Tecumseh population. ."s,, ,uSecr., and ,uNOmecr., and their standard errors were computed for each subset of pedigrees.
The standard errors of the estimates of the parameters were taken from the inverse of the information matrix, evaluated at the maximum likelihood estimates. The likelihood ratio test criterion was used t o evaluate the hypothesis that one or more parameters were zero and the hypothesis that two subsets of pedigrees are described by the same set of parameter values. After multiplication by 2, the ratio of likelihoods is distributed approximately as a chi-square. To test the hypothesis that the estimates of the parameters obtained from each subsample were not significantly different from the estimates for the entire sample the ratio of the likelihood of each subsample, evaluated at its maximum point, to the likelihood of this same subsample evaluated at those estimates obtained from the total sample was computed. We assumed that this chi-square had 6 degrees of freedom.
RESULTS
A description of the subsets of pedigrees used in the analysis along with the cholesterol means and the frequencies of the secretor types are given in Table 1 . Although the total distribution of In cholesterol is not significantly skewed, the subsets studied had slight negative skewness. None of the subsets had a mean cholesterol value or secretor frequency which is substantially different from the other subsets or the total sample of pedigrees (subset 5).
The maximum likelihood estimates of variance components, their standard errors, heritability estimates, secretor type means and the In likelihood values are given in Table 2 when the four variance components are estimated simultaneously (the complete model). The relative proportions of the various components provided from the least squares analysis are also in Table 2 . Narrow and broad sense heritability estimates from the total sample of pedigrees agree closely N w are not significantly different from subset 5 although the estimates of the additive and dominance variance components in subsets 1, 2 and 3 are higher than estimates based on the total sample of pedigrees. The narrow sense heritability estimated from the probability sample of pedigree sizes (subset 4) most closely resembles the estimate from the total sample of pedigrees. In every subset, the t test of the difference between secretor type means is highly significant.
Tests of hypotheses about variance components are given in Table 3 for the medium size pedigrees (subset I), the probability sample (subset 4), and all pedigrees (subset 5). In all three subsets, we reject the hypothesis of no genetic influence on the variability of In cholesterol ( a : = a2 = 0). We failed to reject any other hypotheses (crj = 0; a&e = age = 0 ; a&e = 0; a; = a& = 0) for medium size pedigrees. Although not shown in Table 3 , the inferences for pedigrees of size 31 to 83 individuals were identical to those obtained from the medium size pedigrees. For the probability sample we can reject all but the hypothesis of no dominance effects, while all hypotheses considered were rejected in the sample of pedigrees of sizes 4-83 individuals.
DISCUSSION
The maximum likelihood estimates of the variance components from all data in pedigrees of size 6 8 3 individuals are similar to the least squares estimates of Sing & Orr (1978) , when the complete model with four variance components is considered. The large estimate of dominance variance (39.77%, x2 = 20.6, 1 D.F., Table 3 ) estimated under the complete model, using the MLE procedure, is probably due to an incorrectly defined biological model and/or violations of the assumptions of the likelihood model on which the statistical analysis is based. Sing & Orr (1978) found that by redefining the common household environment to allow for heterogeneity of effects within and between generations the estimate of percent variance due to dominance effects was reduced to 7.9. Their redefined model took the form:
for siblings living together. a&,o represents variance among households shared by parents and offspring. attepp and u&* are the variances among household effects shared by parents and sibs, respectively. aiep and are the variances of environmental factors special to parents and sibs, respectively. If all sibs reside in the same household, the estimates for u: and cgeSs would be confounded. However, in these data, some sibs reside in different households. When this reparametrization was considered in the least squares analysis, the estimate of became zero, while a&ess and G $~~~ were estimated to be 6.0 and 9.7 % of the total phenotypic variance,
respectively. The biological model employed in the likelihood procedure was redefined to conform more closely with the definition suggested by the least squares analysis. To do this the Rij coefficients for parent offspring pairs were taken to be zero. The model becomes equation (1) with of environment, the parents and offspring residing in the same house do not share common = 0, a&, = abePp = ucess, 2 and a~,=cr~,=u~,,. According to this redefinition Another potential contribution to the large estimate of dominance variance obtained from the pedigree analysis may come from pedigrees with individuals whose cholesterol values are in the tails of the sample distribution. Such pedigrees could be segregating for a dominant allele with a megaphenic effect which contributed disproportionately to the estimate of cri when the polygene model is falsely assumed to explain cholesterol variability. At least two such loci, with dominant alleles which determine a megaphenic effect, are thought to be segregating in the Tecumseh population (Sing et ak. 1975) . The estimate of r~: could also be inflated by the non-random distribution among pedigrees of environmental factors with major influences on individual values. This non-random distribution may or may not be associated with the failure of the data to be distributed according to the multivariate normal function. To study the effects of pedigrees with outliers, 65 of the 537 pedigrees (referred to as outlier pedigrees) were selected as a separate subsample because a t least one individual in each pedigree had a cholesterol value in either the upper or lower 1 % of the total sample. These individuals had an adjusted cholesterol value of less than 131 or greater than 293 mg/100 ml. Of these 65 pedigrees, 34
had at least one individual in the lower 1 %, 29 had at least one individual in the top 1 % and two pedigreeshadindividuals in both the upper and lower 1 yo. The individuals in these pedigrees represent 21 % of the total sample of 3995 individuals.
The maximum likelihood estimates of the variance components, assuming that parents and offspring do not share common environments are given in Table 4 A for the total 537 pedigrees, the 472 pedigrees without outliers, and the 65 outlier pedigrees. The estimate of 9.42% of variance due to dominance effects obtained using the 537 pedigrees agrees closely with the 7.9% obtained from Sing & Orr's (1978) best fitting model. I n the 472 pedigrees without outliers, the percentage of I T : is 1.7 %. Therefore, redefinition of the common environment reduced the contribution of dominance from 39-77 to 9.42 %, while eliminating 65 outlier pedigrees reduced it further to 1.7%. An analysis of the outlier pedigrees will be discussed later.
Redefinition of the common environment changed the narrow sense heritability from 0.39 to 0.54, using all 537 pedigrees and to 0.49 using the 472 pedigrees with non-outliers. The estimate of 0.58, given by Sing & Orr (1978), may be slightly inflated due to inclusion of outliers. Other familial studies have reported heritabilities for cholesterol values in the range of 0.56-0.84 (Rao, 1976 The small but statistically significant dominance component (1-7 yo) in the sample of pedigrees without outliers could represent inter-locus non-additivity of polygenes or could be attributable to factors not specified in the model. Epistasis will inflate the dominance variance more than the additive variance when no epistatic term is included (Falconer, 1960) . The linkage disequilibrium in this population (Sinnock & Sing, 1972) could also contribute to an upward bias in the dominance variance (Robinson et al. 1960; Gallais, 1974; Weir & Cockerham, 1977 ). While we have no strong evidence to support the hypothesis that either assortative mating or selection is occurring in this population, the additive variance would be more affected than the dominance variance if these forces were operative (Falconer, 1960; Nei, 1960) .
The comparison in Table 4 A of the separate analysis of the 65 outlier pedigrees with the analysis of the remaining 472 pedigrees reveals that estimates of variance components are significantly different ( 2 2 = 182.6, D.F. = 6). Estimates of crt, C T~, and CT& from the outlier pedigrees were all larger than those obtained from pedigrees without an outlier. The greater covariance observed between individuals in pedigrees with outliers could be explained by one of three possible hypotheses. First, cholesterol variability is determined by polygenes and household environment in all pedigrees, but an additional environmental factor is operating in the outlier pedigrees which causes an inflation in covariance between individuals only in these pedigrees. Secondly, the genetic variability of cholesterol in all pedigrees is explained mostly by polygenic factors, with the outliers identifying additional household factors which cause household variation to be greater in certain pedigrees. Thirdly, the genetic variance in the 472 pedigrees is explained by polygenes while the genetic variance in outlier pedigrees is controlled by one or more major loci with a polygenic background.
To understand the source of the increased covariance in the subset of 65 pedigrees, these pedigrees were first subdivided into three groups. individuals within households, among households within pedigrees and among pedigrees was utilized to distinguish between the pedigree, household, or megaphenic explanations for the increase in covariance in these three groups of outlier pedigrees. Since there was no statistically significant variability among pedigree means, it is unlikely that the outliers are caused by a single major environmental factor which is common to an entire pedigree. The low outlier and mixed outlier groups each had statistically significant household effects. It is probable that the outliers in these pedigrees are members of households with significantly higher or lower mean values. On the other hand, no statistically significant household or pedigree effects were identified in the high outlier group. Using a modification of a test suggested by Fain & , Ott (1976) designed to detect the presence of a locus with a major effect, we found a highly significant difference (a = 0.01) between the within pedigree variance of these high outlier pedigrees and the variance among 2075 genetically independent individuals identified by Sing & Orr (1978) . The within pedigree variance was 1-3 times higher than the variance among unrelated individuals. The results of the analysis of variance and the test for heterogeneity of variance suggest that a major locus is segregating only in the pedigrees with outliers having high cholesterol values, Of the 44 pedigrees with individuals having cholesterol values in the top 5 % of the sample (high outliers and mixed outliers), this analysis suggests 21 pedigrees (48%) are possibly segregating a t one or more loci with a megaphenic effect. This finding is consistent with the report by Goldstein et al. (1973) that a dominant allele with a major effect is segregating in 54 % of the pedigrees ascertained by survivors of myocardial infarctions, who also had cholesterol values which exceeded the 95th percentile. While the distribution of In cholesterol was negatively skewed in the sample of 3995 individuals, evidence for a major gene was found only for the high cholesterol values. The estimates of variance components using the 21 pedigrees with outliers exceeding the 95th percentile are compared in Table 5 with those obtained from the remaining 44 outlier pedigrees. The large contribution of additive and dominance effects (99.97%) and the relatively small effects of both the common and special environments in the group of 21 pedigrees also suggests that one or more loci with a major effect are the likely cause of outliers.
The comparison of variance estimates obtained from subsets of pedigrees of specific sizes with those obtained from all pedigrees (Tables 2 and 3) suggests that inferences about variance components may be markedly affected by a number of effects not accounted for by the biological model analysed. Neither medium (10-15 individuals) nor large (31-83 individuals) pedigrees of approximately 550 individuals gave reasonable estimates of variance components. Our analyses suggest that redefinition of the environmental parameters and removal of outlier pedigrees from the set of medium size pedigrees (Table PB) resulted in estimates which were closer to those expected from the probability sample. These results suggest that the estimation procedure proposed by Lange et al. (1976) is sensitive to improper definition of the environmental model and genetic heterogeneity among pedigrees. On the other hand, if the environmental parameters are appropriately defined and pedigrees with outliers are eliminated, non-representative sampling of pedigree sizes did not lead to substantially different inferences about variance components. As can be seen from the work of Spence et al. (1978) , random samples may show consistent estimates of narrow sense heritability while showing a wide range of broad sense heritabilities. While we are not advocating any particular sampling scheme, the choice of a random sample of pedigree sizes may more often avoid erroneous interpretation of the genetic and environmental influences on trait variability than the choice of a fixed pedigree size. The inferences from a random sample were closest to those from the total sample before the common environment was redefined or outlier pedigrees were identified.
CONCLUSIONS
The MLEs of variance components from pedigree data were similar to estimates obtained using a least squares analysis of the same data. Since a large sample was utilized (almost 4000 individuals) we cannot predict how similar the inferences from the two procedures might be on a smaller data set. A probability sample of pedigree sizes gave estimates closest to those obtained from the total sample of available pedigrees. Different samples of pedigree sizes can yield inferences similar to those obtained from an analysis of all available data only if the environmental model defines common environment separately for parents and offspring and pedigrees with outliers, suggestive of genetic and/or environmental heterogeneity, are removed.
This study confirms an earlier report that approximately 50% of the variability in nonfasting cholesterol in Tecumseh is due to additive polygenic effects. In addition, the use of the MLE technique and pedigree data enabled us to study the heterogeneity of genetic and environmental sources of variability among subsets of the population. In doing so, 21 pedigrees were identified whose cholesterol variability may be under the control of one or more loci with major effects on total cholesterol levels.
